The mechanistic target of rapamycin (mTOR) is hyperactivated in many types of cancer, rendering it a compelling drug target; however, the impact of mTOR inhibition on metabolic reprogramming in cancer is incompletely understood. Here, by integrating metabolic and functional studies in glioblastoma multiforme (GBM) cell lines, preclinical models, and clinical samples, we demonstrate that the compensatory upregulation of glutamine metabolism promotes resistance to mTOR kinase inhibitors. Metabolomic studies in GBM cells revealed that glutaminase (GLS) and glutamate levels are elevated following mTOR kinase inhibitor treatment. Moreover, these mTOR inhibitor-dependent metabolic alterations were confirmed in a GBM xenograft model. Expression of GLS following mTOR inhibitor treatment promoted GBM survival in an a-ketoglutarate-dependent (aKG-dependent) manner. Combined genetic and/or pharmacological inhibition of mTOR kinase and GLS resulted in massive synergistic tumor cell death and growth inhibition in tumor-bearing mice. These results highlight a critical role for compensatory glutamine metabolism in promoting mTOR inhibitor resistance and suggest that rational combination therapy has the potential to suppress resistance.
Introduction
Most cancer cells consume glucose at a surprisingly high rate compared with normal cells and secrete most of the glucose-derived carbon as lactate rather than oxidizing it completely, a phenomenon known as the Warburg effect (1) . In addition to glucose, amino acids can also funnel into the tricarboxylic acid (TCA) cycle, as their catabolism results in the production of TCA cycle intermediates. Glutamine has an important role in cell growth and energy metabolism, with the TCA cycle as well as glucose as the carbon source (2, 3) . The first 2 reactions of glutamine catabolism are the conversion of glutamine into glutamate regulated by glutaminase (GLS) and the conversion of glutamate into α-ketoglutarate (αKG), catalyzed by glutamate dehydrogenase (GDH). These are followed by subsequent enzymatic reactions generating aspartate, malate, pyruvate, citrate, alanine, and lactate to support mitochondrial respiration and adenosine triphosphate (ATP) production (4) . Glutamate can also participate in glutathione synthesis to help regulate the antioxidant status of the cell. It has been widely accepted that cancer cells favor glutamine as a source of energy, and this phenomenon has been observed in many cancers. Many studies have shown that inhibiting glutaminolysis by preventing the activity of these key enzymes significantly suppresses cancer cell growth and proliferation (5) (6) (7) . Consequently, GLS has become an attractive target for the therapeutic intervention of malignant gliomas.
The mechanistic target of rapamycin (mTOR) is a protein kinase that integrates oncogenic signaling from growth factor receptors through the phosphoinositide 3-kinase (PI3K) pathway with cellular energy and nutrient status to activate downstream signaling pathways that promote tumor growth and survival (8) . Thus, mTOR has emerged as an important molecular target in PI3Kdriven cancers. mTOR acts through the canonical PI3K pathway via 2 distinct complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), to mediate cell growth and proliferation and potentially tumor cell survival (9) . In particular, mTORC1 uniquely integrates growth factor and metabolic signaling through PI3K with downstream signaling through S6K1, underscoring its value as a cancer target (10) . We have shown previously that mTOR is a critical effector of downstream signaling in EGFR-mutated, PTENdeficient glioblastoma multiforme (GBM), mediating resistance to EGFR tyrosine kinase inhibitors (11) . However, the clinical failure of the allosteric mTOR inhibitor rapamycin has been caused by AKT activation, resulting in the loss of negative feedback, consistent with the homeostatic regulatory role of mTORC1 as a negative regulator of PI3K/AKT signaling (12) . Furthermore, we demonstrated that mTORC2 mediated rapamycin resistance through AKT-and mTORC1-independent signaling pathways (13) . These results have highlighted the role for mTOR kinase inhibitors, which block mTORC1 and mTORC2, in the treatment of GBM (14) . Moreover, uncovering molecular and metabolic responses to mTOR kinase inhibition provides precious insight into identifying new drug targets and the resistance mechanism for mTOR-targeted therapies.
Here, we performed integrated analyses of GBM cell lines, in vivo xenograft models, and clinical samples to examine the impor-
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GLS and intracellular glutamate levels rise in GBMs in vitro and in vivo in response to mTOR inhibitors. In the EGFR/PI3K pathway stimulating glucose uptake and utilization, mTOR has a welldescribed role in directing available amino acids into protein synthesis. Glutamine uptake also appears to be critical for lipid synthesis and carbon supply to operate the TCA cycle. We overexpressed the EGFR-activating mutation (EGFRvIII) in the U87 glioma cell line, which has been demonstrated to increase both mTORC1 and mTORC2 signaling (20, 21) . Using gas chromatography-mass spectroscopy (GC/MS) of U87 and U87/EGFRvIII cells treated with mTOR inhibitors (rapamycin or PP242) for 48 hours, we identified 91 metabolites whose levels significantly changed in response to the allosteric mTOR inhibitor rapamycin or the ATPcompetitive mTOR inhibitor PP242 ( Figure 2 and Supplemental  Table 1 ). We have previously shown that rapamycin has minimal activity against mTORC2 signaling in GBM cell lines in in vivo models and patients treated with the drug, whereas PP242 blocks both mTORC1 and mTORC2 signaling in GBM cells (12, 13, 22) . The principal component analysis (PCA) of variation in the metabolites for each treatment group demonstrated distinct clustering or a clear separation of the 3 groups (Supplemental Figure 2 , A and B). The key differentiating metabolites were glutamic acid (glutamate), aspartic acid, citric (or isocitric) acid, and succinic acid (Supplemental Figure 2B ). Particularly, some intermediates of glutaminolysis and the TCA cycle showed an increase with mTOR inhibitor treatment, raising the possibility of efficient metabolism of glutamine (Supplemental Figure 2C ). In fact, both mTOR inhibitors significantly suppressed glucose consumption, lactate production, and cell proliferation, but did not increase cell death in U87/EGFRvIII models (Supplemental Figure 3 , A and B). Consistent with the findings of Csibi et al. (23) , intracellular l-glutamate was elevated in U87 and U87/EGFRvIII cells, allowing them to survive mTOR-targeted treatments ( Figure 3A ). Also, we found that intracellular αKG, ATP, and ammonia levels were elevated or at least preserved after mTOR inhibition treatments, demonstrating compensatory increase of glutamine metabolism ( Figure 3B and Supplemental Figure 4 , A and B). These results suggested the potential aspects of GBM cells that were resistant to mTOR inhibitors. Next, to identify how inhibition of mTOR signaling affected the metabolic pathway, we treated U87 and U87/EGFRvIII cells with mTOR inhibitors to test the gene expression of key enzymes in the glycolysis and glutaminolysis pathways ( Figure 3C ). Notably, mTOR inhibitor treatments of U87/EGFRvIII and, to a lesser extent, U87 cells resulted in the upregulation of GLS ( Figure  3D ). In particular, of the 2 GLS variants (7, 15) , expression of the longer kidney type glutaminase (KGA) mRNA increased markedly, while expression of the shorter glutaminase C (GAC) mRNA decreased after mTOR inhibitor treatments (Supplemental Figure 4C ). Glucose transporter 1 (Glut1), pyruvate dehydrogenase kinase 1 (PDK1), and lactate dehydrogenase A (LDHA) levels were decreased upon rapamycin or PP242 treatment, consistent with tance of glutamine metabolism in response to mTOR-targeted treatments. We demonstrated that GLS is highly expressed in a large number of clinical GBM samples compared with normal brain tissues, suggesting an attractive target for therapeutic intervention. Interestingly, mTOR-targeted treatments affected glutamine utilization and elicited a switch in the pathways used to deliver glutamine carbon to the TCA cycle, with increasing expression of GLS. Suppression of GLS expression with RNA interference or an inhibitor with compound 968, which has been shown to block GLS activity in cancer cells (7, (15) (16) (17) , sensitized EGFRvIII-expressing GBM cells to mTOR-targeted therapies. Combined mTOR and GLS inhibition showed a synergic suppression of tumor growth in vivo. GBM cells required GLS to survive mTOR inhibition in an αKGdependent manner. These results demonstrate that the inhibition of mTOR signaling is sufficient to change the metabolic characteristics of GBM cells and point to what we believe is a previously unrecognized function of GLS in promoting acquired resistance to mTOR-targeted therapy, indicating the need for glutaminolysis inhibition in combination with mTOR-targeted therapies.
Results

Glutamine metabolism and GLS expression in GBM patients in situ.
For most mammalian cells in culture, glucose and glutamine are catabolized in appreciable quantities, supplying carbon, nitrogen, and free energy and reducing equivalents necessary to support cell growth and division (1, 18) . Aerobic glycolysis, also known as the Warburg effect, and glutaminolysis are core hallmarks of cancer and are required in cancer cells. To explore the clinical implications of intracellular metabolism, we examined the glucose and glutamine metabolism in tumor tissues and adjacent normal brain tissue from several GBM patients. Magnetic resonance spectroscopy (MRS) of a 68-year-old man presenting with GBM in the left temporal lobe showed significantly higher choline and lower N-acetyll-aspartate (NAA) peaks in tumors than those in the contralateral normal brain ( Figure 1A) . A decrease in the NAA/choline ratio is a common marker in predicting increased malignancy in gliomas (19) . However, what is most important and is an essential change in this study is the discovery of increasing glutamine and glutamate levels in tumors compared with those in the contralateral normal brain shown in the MRS ( Figure 1A ). As detected by subsequent pairwise comparisons in 12 GBM patients, glutamine and glutamate levels significantly increased in tumors relative to contralateral normal brain tissue, revealing that glutamine metabolism is strongly involved in metabolic reprogramming in GBM cells (Figure 1B) . Glucose and lactate levels were also statistically higher in tumor than in contralateral normal brain tissue, showing the wellknown phenomenon of aerobic glycolysis in GBM cells (Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/JCI78239DS1). Next, to determine how glutamine metabolism was influenced in GBM cells, we examined the expression of GLS, a glutamine-to-glutamate converting enzyme, and the level of glutamine synthetase (GS), a glutamateto-glutamine converting enzyme, in tumor samples and normal brain tissues in 12 GBM patients. Gene-expression analysis demonstrated that the level of GLS was frequently elevated in tumor samples compared with the GS level ( Figure 1C ), suggesting a potential metabolic flux from glutamine to glutamate for the high rates jci.org Volume 125 Number 4 April 2015
used PP242 for further functional analysis (12, 13, 24, 25) . Before confirming a specific role for GLS in mTOR-targeted therapies for GBMs, we tested to determine whether glutamine availability influenced PP242-mediated cell death. TUNEL analysis demonstrated that glutamine deprivation dramatically sensitized U87/ EGFRvIII GBM cells to PP242-mediated cell death, which was confirmed by analysis of polyADP ribose polymerase (PARP) cleavage and TUNEL staining (Supplemental Figure 6 , A and B). Next, we induced siRNA-mediated GLS knockdown in U87/ EGFRvIII GBM cells and assessed its impact on the response to PP242. Genetic depletion of GLS by siRNA transfection inhib-the effect of mTOR inhibition on glycolysis (Supplemental Figure 4D ). Finally, to determine whether GLS expression could be detected in vivo in response to mTOR-targeted treatment, we analyzed EGFRvIII-expressing tumor tissues from a xenograft model after 5 days of treatment. After PP242 treatment, GLS expression was significantly elevated relative to that of controls ( Figure 3E ). Similar results were found after treatment with CC214, which is the other mTOR kinase inhibitor (22) (Supplemental Figure 5 ). GLS inhibition sensitizes GBM cells to mTOR-targeted treatments. Because of the enhanced activity of PP242 relative to rapamycin on both mTOR complexes in GBM cells, we mainly ited the proliferation of all GBM cells tested (U87MG and U87/EGFRvIII), with enhanced antiproliferative effects in EGFRvIII-expressing tumor cells ( Figure 4A ). GLS knockdown was confirmed to inhibit glutamine uptake and NH4 + production from glutamine via the enzymatic activity of GLSs in U87 and U87/ EGFRvIII GBM cells ( Figure 3C and Figure  4B ). Of note, knockdown of GLS significantly reversed mTOR-targeted treatment resistance, effectively sensitizing U87-EGFRvIII cells to PP242-mediated cell death, as indicated by cleaved PARP-positive and TUNELpositive cells (Figure 4 , C and D). Next, to assess the possibility that pharmacological inhibition of GLS could be used to sensitize GBMs to mTOR-targeted treatment, we tested the effect of the GLS inhibitor compound 968 on mediation of the cellular response to PP242. Compound 968 decreased the uptake of glutamine and secretion of by-products of glutamine catabolism such as ammonia in a dose-dependent manner, inhibiting GLS activity (Supplemental Figure 7A ). Following this inhibition of GLS activity, compound 968 significantly suppressed GBM cell proliferation in a dose-dependent manner (Supplemental Figure 7B ). In the TUNEL-staining assay, compound 968 significantly enhanced PP242-mediated cell death of EGFRvIIIexpressing GBM cells, although neither PP242 nor compound 968 alone promoted extensive tumor cell death ( Figure 4E and Supplemental Figure 8B ). Compound 968 also increased PARP cleavage of EGFRvIIIexpressing GBM cells treated with PP242 (Supplemental Figure 8A ). Importantly, combined treatment with compound 968 and PP242 did not induce significant cell death of normal human astroglia cells (SVGP12) ( Figure 8C ), suggesting that normal astroglia cells have characteristics different from those of GBM cells and that there is a potential clinical use of GLS inhibition in selectively sensitizing GBM cells to mTOR-targeted therapies. To test the effect of compound 968 and PP242 on GBM Interestingly, dimethyl αKG (dm-αKG), an analogue of αKG, obviously rescued the viability of the U87/EGFRvIII GBM cells treated with mTOR and GLS inhibition ( Figure 5A ), suggesting that apoptotic resistance is mediated through αKG, which is required for the TCA cycle. To determine the metabolic change in the TCA cycle, we analyzed intracellular metabolites by GC/MS, using U87/EGFRvIII GBM cells treated with PP242 and compound 968 in the culture medium containing dm-αKG. Comprehensive metabolome analysis indicated marked reduction in TCA cycle metabolites, including citric acid and isocitric acid, succinic acid, fumaric acid, and malic acid in the cells treated with combined PP242 and compound 968. Importantly, dm-αKG rescued the decrease in the levels of immediately downstream metabolites of αKG in the TCA cycle, succinic acid, fumaric acid, and malic acid, which occurred in response to combined mTOR and GLS inhibition, but the levels of metabolites Figure 9A ). TUNEL assays showed that compound 968 significantly enhanced PP242mediated cell death of KMG02 cells (Supplemental Figure 9B ). Compound 968 also increased PARP cleavage of KMG02 cells treated with PP242 (Supplemental Figure 9C ). Taken together, these results demonstrate a previously unknown role for GLS in mediating mTOR kinase inhibitor resistance through glutamine metabolism in GBM cells. GBM cells required GLS to survive mTOR inhibition in an αKGdependent manner. To determine the downstream mechanism by which GLS mediates mTOR-targeted treatment resistance, we examined the involvement of αKG as a downstream metabolite. upstream of αKG, citric and isocitric acid, were not significantly rescued ( Figure 5B ). These results raise the possibility that glucose and glutamine metabolism coordinately regulate cancer metabolic reprogramming and that GLS may potentially be involved in driving the oxidative TCA cycle through αKG-dependent anaplerosis to enable GBM cells to survive mTOR inhibition.
Combined GLS and mTOR inhibition causes GBM cell death and blocks tumor growth in xenograft models.
To determine whether GLS inhibition sensitizes GBM cells to mTOR kinase inhibitors in vivo, we analyzed the effect of combining compound 968 with PP242 on tumor cell metabolites, cell death, and tumor size in U87 and U87/EGFRvIII GBM xenografts. Mice were divided into 4 treatment arms and treated for 15 days with intraperitoneal injections of PP242 (5 mg/kg), compound 968 (5 mg/kg), or a combination of PP242 (5 mg/kg) and compound 968 (5 mg/kg). Compound 968 or PP242 alone decreased tumor size by approximately 20%-50% ( Figure 6A ) without significant induction of apoptosis. Importantly, combined treatment with compound 968 and PP242 resulted in approximately 80% tumor shrinkage for U87/EGFRvIII and, to a lesser extent, U87 xenograft models ( Figure 6A ). In the immunohistochemical analysis of the U87/EGFRvIII xenograft model, compound 968 led to a 6-fold increase in apoptotic cells in treatment with PP242 ( Figure 6B ). Importantly, in vivo global metabolic analysis indicated a significant reduction in some TCA cycle metabolites in the EGFR-vIII-expressing GBM tumors treated with combined PP242 and compound 968 ( Figure 6C ), suggesting that both mTOR signaling and glutamine metabolism play an important role in fueling key aspect of cancer progression, survival, and drug resistance in most cancers and can help with the design of effective molecular inhibitors and strategies for the treatment of GBM patients. Cancer cells take up and metabolize glucose and glutamine to a degree that far exceeds their needs for these molecules in anabolic macromolecular synthesis (4, 29) . We have demonstrated that glutamine and glutamate and GLS levels are frequently elevated in GBM samples, including in patients imaged in vivo. With the PI3K signaling pathway closely linked to both growth control and metabolic reprogramming, mTOR signaling stimulates specific metabolic pathways, including glycolysis, the oxidative arm of the pentose phosphate pathway, and de novo lipid biosynthesis (10) , and mTOR signaling may play an important role in regulating glutamine metabolism. Glutamine can regulate the mTORC1 pathway by facilitating the uptake of leucine (30) and by promoting mTORC1 assembly and lysosomal localization (31, 32) , suggesting that glutamine serves both as a signal to mTORC1 and as a source to promote protein translation. Further highlighting the functional link between mTORC1 and glutamine metabolism, a recent study demonstrated that mTORC1 inhibition decreases glutamine metabolism through upregulation of SIRT4 expression to suppress GDH activity (23) . We found that GBM cells increase glutamine metabolism with elevated GLS expression in response to mTOR-targeted treatments, and our data may suggest a different pathway because the GBM cells used in the present study are able to resist mTOR inhibition while those used for the previous paper did not (23) . Although GDH levels were not changed after mTOR inhibition treatment in our study, we found that ammonia, intracellular glutamate, αKG, and ATP levels were elevated or at least preserved, consistent with increased glutamine metabolism. These results also suggest a potential mechanism underlying the resistance to mTOR kinase inhibition, at least in some GBM cells.
We have previously shown that EGFRvIII, the most common EGFR mutation in GBM, reprograms cellular metabolism to drive tumor growth by activating the Warburg effect through the upregulation of c-MYC, and we have identified complementary mTORC1and mTORC2-dependent pathways. mTORC1 regulates c-MYC activity through splicing of the MYC-interacting protein MAX, and mTORC2 regulates MYC activity by controlling its levels through a FOXO-acetylation-dependent mechanism (20, 21) . The results presented here underscore the importance of mTOR-mediated regulation of glutamine metabolism by showing that GBM cells adapt to mTOR inhibitors by increasing GLS expression to elevate glutamate levels. This could be a necessary compensation for the loss of TCA intermediates that occurs when mTOR inhibition causes a deficit in glycolysis. However, further studies will be needed to test this model and to explore the potential role of other pathways as mediators of GLS expression and activity.
These results also delineate metabolic reprogramming against molecular targeted treatments and/or some metabolic stress. Under glucose limitation, the acquisition of KRAS pathway mutations has been driven with highly expressed levels of GLUT1 in human cancers (33) and the TCA cycle could also be reprogrammed and driven solely by glutamine, generating citrate that consists only of glutamine carbons in a certain type of cancer cell (34) . AKT inhibition has stimulated glutamine metabolism with increasing GDH activity (6) . Inhibition of mitochondrial pyruvate metabolism may the TCA cycle in GBM cells. Most importantly, such treatment had no apparent effect on body weight throughout the course of the experiment in mice ( Figure 6D ). Finally, to determine the adverse effects of drugs on normal organs and motor function, non-tumor-bearing mice were treated similarly for 15 days and tested on a rota-rod apparatus (26, 27) . No apparent effect on body weight was observed throughout the treatment, and no deterioration of motor function was found after the whole treatment (Supplemental Figure 10A and B ). There was no significant difference of cell morphology and no induction of dead cells in brain (cortex and hippocampus), liver, and kidney among mice treated with PP242, compound 968 alone, or a combination (Supplemental Figures 11-13 ). Taken together, these results demonstrate that GLS inhibition can reverse mTOR-targeted therapy resistance in vivo and that it acts synergistically with PP242 to induce tumor cell death by regulating tumor bioenergetic and molecular synthesis (Figure 7) . These results also suggest that the cytotoxic effect of the drug combination was enhanced in tumor tissue, rather than normal tissue.
Discussion
Cancer cell proliferation and oncogenesis are coupled to metabolic reprogramming (18) . Commonly occurring oncogenic signal transduction pathways initiated by receptor tyrosine kinases or Ras engage PI3K/AKT signaling to directly stimulate glycolytic metabolism (28) . In addition to this aerobic glycolysis, called the Warburg effect, the involvement of glutamine metabolism in cancers has received increasing attention as a potential avenue for the development of new therapeutic agents for cancer treatment. Our study demonstrated that pharmacological impairment of PI3K signaling by mTOR-targeted therapy enhanced glutamine metabolism with increasing GLS activity, leading to glutaminedependent GBM cells. Altered metabolism is considered to be a were counterstained with hematoxylin to visualize nuclei. Staining intensities were scored independently by 2 pathologist and/or 2 neurooncologists who were unaware of the findings of the molecular analyses. Quantitative image analysis was performed with Soft Imaging System software, the utility of which has been previously demonstrated for measuring drug-specific effects in GBM samples in clinical trials with targeted agents (11, 12) . Metabolite measurements. Glucose, lactate, glutamine, glutamate, and ammonium in the media of cultured cells were measured using the BioProfile 400 analyzer (Nova Biomedical). Cells were cultured in fresh media with various conditions, and metabolite concentrations in the media were measured 48 hours later and normalized to the number of cells in each sample.
l-glutamate levels. Cultured cells or snap-frozen tissue samples were lysed and homogenized with phosphate buffer. The intracellular l-glutamate level was measured following the manufacturer's instructions (Yamasa l-glutamate Assay Kit).
GC/MS analysis. Metabolites from biological samples were extracted and derivatized as described previously, with some modifications (37, 38) . The GC/MS analysis was performed using a GC/ MSQP2010 Ultra (Shimadzu Co.) with a fused silica capillary column (CP-SIL 8 CB low bleed/MS; 30 m × 0.25 mm inner diameter, 0.25 μm film thickness; Agilent Co.) according to the method described in previous reports (39, 40) . The resulting data were exported in the CSV-format file and analyzed using in-house analytical software (AI output). This software enables peak identification and quantification using the in-house metabolites library. All data were normalized to the peak height of the internal standard 2-isopropylmalic acid. To assess the technical variation in the metabolomics experiments, each of the samples was extracted, derivatized, and measured in 3 replicates.
MRS studies. GBM patients with newly diagnosed or recurrent gliomas underwent preoperative MRI and MRS. A 3T MRI/MRS scanner (Achieva, Philips Medical Systems) was used to acquire the MR spectral data. An 8-channel head MRI coil was used to receive the signal, and the quadrature body MRI coil was used to transmit the radio-frequency (RF) pulses. Single-voxel localized MR spectra were acquired using the double-echo PRESS sequence. The MRS acquisition parameters were as follows: 1.5 × 1.5 × 1.5 cm 3 , TR/ TE = 2000/35 ms, 128 averages, and 1024 complex points for the spectral data. Volumes of interest (VOIs) were localized to representative areas of solid tumor, as determined by a board-certified neuroradiologist or technician. As a control, voxels were also placed in the same anatomical location on the contralateral (nontumor) side of the brain to obtain control spectra. Concentration estimates in absolute units of mM/l VOI were obtained with a user-independent fitting routine (LCModel, developed by Steven Provencher [http:// s-provencher.com/pages/lcmodel.shtml]), which is based on a library of model spectra of individual metabolites (41, 42) . Quantification was obtained for levels of choline (3.22 ppm), NAA (2.0 ppm), glucose (3.44 ppm), lactate (1.33 ppm), glutamine (2.45 ppm), and glutamate (2.35 ppm). Metabolite ratios were also calculated with respect to the total creatine (creatine plus phospho-creatine, 3.0 ppm), a level that is explicitly assumed to be stable in normal as well as in many pathologic states (43) .
Xenograft model. U87 and U87-EGFRvIII cells were implanted into immunodeficient BALB/cAJcl-nu/nu mice (Clea Japan) for subcutaneous xenograft studies. For subcutaneous implantation, expo-increase glutamate-dependent anaplerosis and promote reductive metabolism of αKG to supply citrate for lipid synthesis (35) . It is not surprising that cancer cells are dependent on glutamine metabolism (4) . Importantly, our data suggest that maintaining the TCA cycle through αKG-dependent anaplerosis could be involved in promoting GBM survival and resistance to mTOR-targeted treatments. These findings may have important implications for combining mTOR kinase inhibitors with GLS inhibition for patients with GBM and possibly other mTOR-activated cancers.
Methods
Detailed protocols are found in the Supplemental Experimental Procedures.
Cell lines. U87, U87-EGFRvIII, and U87-EGFR isogenic GBM cell lines were obtained as described previously (36) . U251, LN229, T98, and A172 human GBM cell lines and SVGP12 human astroglia cells (ATCC) were cultured in DMEM (Nacalai Tesque) supplemented with 10% FBS (Biological Industries) and 100 U/ml penicillin and streptomycin (Nacalai Tesque) in a humidified 5% CO 2 incubator at 37°C.
Antibodies and reagents. Antibodies obtained were directed against the following: EGFR (Cell Signaling, catalog 2232), p-EGFR Tyr1068 (Cell Signaling, catalog 2236), p-AKT Ser473 (Cell Signaling, catalog 4060), AKT (Cell Signaling, catalog 9272), p-S6 Ser235/236 (Cell Signaling, catalog 4858), S6 (Cell Signaling, catalog 2217), PARP (Cell Signaling, catalog 9542), cleaved PARP (Cell Signaling, catalog 5625), GLS (Abcam, catalog ab60709), GLS1 (Sigma-Aldrich, catalog HPA036223), GLS2 (Sigma-Aldrich, catalog HPA038608), β-actin (Ambion), and EGFR/EGFRvIII cocktail antibody (Novocastra). Reagents used were rapamycin (LC Laboratories), PP242 (Chemdea), GLS inhibitor (compound 968, Calbiochem), and dm-αKG (Sigma-Aldrich).
RNA extraction and real-time PCR. Total RNA from cell lines, tumor samples, and normal brain tissues was extracted using a mir-Vana miRNA Isolation Kit (Applied Biosystems). First-strand cDNA was synthesized from 20 ng of total RNA using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Real-time PCR was performed with 3 μl of diluted cDNA using TaqMan gene-expression assays (Applied Biosystems) following the manufacturer's instructions. All reactions were performed in triplicate. 18S ribosomal RNA was used as the endogenous control. Quantitative mRNA expression data were acquired and analyzed by the ΔΔCt method using an Applied Biosystems 7500 real-time PCR system (Applied Biosystems). The following TaqMan gene-expression assays with FAM-MGB dye were used for this study: SLC2A1 (SMID: Hs00892681_m1), LDHA (SMID: Hs00855332_g1), PDK1 (SMID: Hs01561850_m1), SLC1A5 (SMID: Hs01056542_m1), GLS (SMID: Hs00248163_m1), KGA (SMID: Hs01014019_m1), GAC (SMID: Hs01022166_m1), GLUL (SMID: Hs00365928_g1), GLUD1 (SMID: Hs03989560_s1), 18S (SMID: Hs99999901_s1).
Plasmid and siRNA transfection. Transfection of siRNA into GBM cell lines was carried out using Lipofectamine RNAiMAX (Invitrogen) in full serum, with a medium change after 24 hours. On-TARGETplus SMARTpool siRNAs (Thermo Scientific, Dharmacon Division) specifically targeting GLS (catalog L-004548-01-0005) and nontargeting control pools of siRNAs were used at 10 nM.
Immunohistochemical staining and image analysis-based scoring. Paraffin-embedded tissue slides were obtained from the Pathology Histology and Tissue Core Facility at Kobe University Hospital. Slides jci.org Volume 125 Number 4 April 2015 ments were approved by the Institutional Animal Care and Use Committees of Kobe University.
